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String Physics at the LHC
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Abstract. The LHC program will include the identification of events with single high-kT photons as probes of new physics.
We show that this channel is uniquely suited to search for experimental evidence of TeV-scale open string theory.
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The saga of the standard model (SM) is still exhilarat-
ing because it leaves all questions of consequence unan-
swered. The most evident of these questions concerns
quantum gravity. In particular, renormalization, the tech-
nique allowing finite predictions for processes involving
the electroweak and strong forces, fails when gravity is
taken into account. String theory is currently the only
known consistent framework to overcome the problem
of non-renormalizability and quantize gravity [1]. Within
this framework, the notion of elementary point-particle
is replaced by an extended object of vanishing width that
has two different topologies, corresponding to open and
closed strings.1 The fundamental particles thus far ap-
pear point-like to us because the experimental energies
probed by colliders are too small to excite the string os-
cillation modes. In addition, the apparent weakness of
gravity relative to the other fundamental forces can be
understood in string theory as a consequence of the gravi-
tational force “leaking” into unseen compact dimensions
transverse to a braneworld where we are confined [2].
The distance at which quantum gravity comes into play
could be then O(10−18 m). Showld nature be so coopera-
tive, one would expect to see a few string states produced
at the LHC.
In the perturbative regime, gauge interactions emerge
as excitations of open strings with endpoints confined
on D-branes [3]. The basic unit of gauge invariance for
D-brane constructions is a U(1) field, and so one can
stack up N identical D-branes to generate a U(N) theory
with the associated U(N) gauge group. Gauge bosons
arise from strings terminating on one stack of D-branes,
whereas chiral matter fields are obtained from string
stretching between two stacks [4]. Each of the two strings
endpoints carries a fundamental charge with respect to
the stack of branes on which it terminates. Mater fields
1 The closed string sector automatically includes gravitation, because
it contains an oscillation mode propagating in vacuum corresponding
to a spin 2 particle which can be identified with the graviton.
thus posses quantum numbers associated with a bifunda-
mental representation. None of them has three quantum
numbers of the sort we are used to: SU(3)× SU(2)×
U(1)Y ; rather they all have two quantum numbers at the
expense of introducing additional U(1)’s into the the-
ory [5, 6].
To develop our program in the simplest way, we will
work within the construct of a minimal model in which
we consider scattering processes which take place on the
(color) U(3) stack of D-branes. In the bosonic sector, the
open strings terminating on this stack contain, in addition
to the SU(3) octet of gluons, an extra U(1) boson (Cµ , in
the notation of [6]), most simply the manifestation of a
gauged baryon number symmetry. The U(1)Y boson Yµ ,
which gauges the usual electroweak hypercharge sym-
metry, is a linear combination of Cµ , the U(1) boson Bµ
terminating on a separate U(1) brane, and perhaps a third
additional U(1) (say Wµ ) sharing a U(2) brane which is
also a terminus for the SU(2)L electroweak gauge bosons
W aµ . Thus, critically for our purposes, the photon Aµ ,
which is a linear combination of Yµ and W 3µ will partici-
pate with the gluon octet in (string) tree level scattering
processes on the color brane, processes which in the SM
occur only at one-loop level.
The process we consider (at the parton level) is gg→
gγ , where g is an SU(3) gluon and γ is the photon. As
explicitly calculated below, this will occur at string disk
(tree) level, and will be manifest at LHC as a non-SM
contribution to pp → γ + jet. A very important prop-
erty of string disk amplitudes is that they are completely
model-independent; thus the results presented below are
robust, because they hold for arbitrary compactifications
of superstring theory from ten to four dimensions, includ-
ing those that break supersymmetry.
In a helicity basis, scattering amplitudes are classified
according to the number of (±) states of the external par-
tons. The Maximum Helicity Violating (MHV) ampli-
tude describes the configuration with the highest differ-
ence of (+) and (−) states, e.g. n− 2 for a n-gluon am-
plitude at tree level [7]. Assume that two vector bosons,
with the momenta k1 and k2, in the U(N) gauge group
states corresponding to the generators T a1 and T a2 (here
in the fundamental representation), carry negative helic-
ities while the other two, with the momenta k3 and k4
and gauge group states T a3 and T a4 , respectively, carry
positive helicities. Then the partial amplitude for such an
MHV configuration is given by [8, 9]
A(1−,2−,3+,4+) = 4g2 Tr(T a1T a2T a3T a4)
× 〈12〉
4
〈12〉〈23〉〈34〉〈41〉
× V (k1,k2,k3,k4) , (1)
where g is the U(N) coupling constant, 〈i j〉 are the
standard spinor products, and the Veneziano formfactor,
V (k1,k2,k3,k4) =V (s, t,u) =
Γ(1− s) Γ(1− u)
Γ(1+ t)
, (2)
is the function of Mandelstam variables, here normalized
in the string units:
s =
2k1k2
M2s
, t =
2k1k3
M2s
, u =
2k1k4
M2s
, (3)
with s+t+u= 0.2 In order to obtain the cross section for
the (unpolarized) partonic subprocess gg→ gγ , we take
the squared moduli of individual amplitudes, sum over
final polarizations and colors, and average over initial
polarizations and colors. The two most interesting energy
regimes of gg → gγ scattering are far below the string
mass scale Ms and near the threshold for the production
of massive string excitations. At low energies (s, t,u ≪
1) [11]
|M (gg→ gγ)|2 ≈ g4Q2C(N) pi
4
4M8s
(sˆ4 + tˆ4 + uˆ4) , (4)
where C(N) = [2(N2 − 4)]/[N(N2 − 1)]. The absence
of zero mass poles, at s = 0 etc., translated into the
terms of effective field theory, confirms that there are
no exchanges of massless particles contributing to this
process. On the other hand, near the string threshold
(s≈ 1) [11]
|M (gg→ gγ)|2 ≈ 4g4Q2C(N) M
8
s + tˆ
4 + uˆ4
M4s (sˆ−M2s )2
. (5)
The singularity at sˆ = M2s needs softening to a Breit-
Wigner form, reflecting the finite decay widths of res-
onances propagating in the s channel. Due to averag-
ing over initial polarizations, Eq.(5) contains additively
2 We use the standard notation of [10], although the gauge group gen-
erators are normalized here in a different way, according to Tr(T aT b)=
1
2 δ ab.
contributions from both spin J = 0 and spin J = 2 glu-
onic Regge recurrences, created by the incident gluons in
the helicity configurations (±±) and (±∓), respectively.
The M8s term in Eq. (5) originates from J = 0, and the
tˆ4 + uˆ4 piece reflects J = 2 activity. Since the resonance
widths are spin-dependent, ΓJ=0 ≈ 75(Ms/TeV) GeV
and ΓJ=2 ≈ 45(Ms/TeV) GeV [12], the pole term (5)
should be smeared as
|M (gg→ gγ)|2 ≃ 4g
4Q2C(N)
M4s
×
[
M8s
(sˆ−M2s )2 +(ΓJ=0Ms)2
+
tˆ4 + uˆ4
(sˆ−M2s )2 +(ΓJ=2Ms)2
]
. (6)
In what follows we will take N = 3, set g equal to the
QCD coupling constant (g2/4pi = 0.1). Before proceed-
ing with numerical calculation, we need to make pre-
cise the value of Q. If we were considering the process
gg→Cg, where C is the U(1) gauge field tied to the U(3)
brane, then Q =
√
1/6 due to the normalization condi-
tion. However, for gg→ γg there are two additional pro-
jections: from Cµ to the hypercharge boson Yµ , giving
a mixing factor κ ; and from Yµ onto a photon, provid-
ing an additional factor cosθW (θW = Weinberg angle).
The C−Y mixing coefficient is model dependent: in the
minimal model [6] it is quite small, around κ ≃ 0.12
for couplings evaluated at the Z mass, which is mod-
estly enhanced to κ ≃ 0.14 as a result of RG running
of the couplings up to 2.5 TeV. It should be noted that in
models [5] possessing an additional U(1) which partners
SU(2)L on a U(2) brane, the various assignment of the
charges can result in values of κ which can differ consid-
erably from 0.12. In what follows, we take as a fiducial
value κ2 = 0.02. Thus, if (6) is to describe gg→ γg,
Q2 = 16 κ2 cos2 θW ≃ 2.55× 10−3
(
κ2/0.02
)
. (7)
One would hope that the resonance would be visi-
ble in data binned according to the invariant mass M
of the photon + jet, setting cuts on photon and jet ra-
pidities, y1, y2 < ymax, respectively. With the definitions
Y ≡ 12 (y1 + y2) and y≡ 12 (y1− y2), the cross section per
interval of M for pp→ γ + jet+X is given by [13]
dσ
dM = Mτ ∑i jk
[∫ 0
−Ymax
dY fi(xa, M) f j(xb, M)
×
∫ ymax+Y
−(ymax+Y )
dy dσdtˆ
∣∣∣∣
i j→γk
1
cosh2 y
+
∫ Ymax
0
dY fi(xa, M) f j(xb,M)
×
∫ ymax−Y
−(ymax−Y )
dy dσdtˆ
∣∣∣∣
i j→γk
1
cosh2 y
]
, (8)
FIGURE 1. Invariant mass spectrum: dσ/dM (units of
fb/GeV) vs. M (TeV) is plotted for the case of SM QCD back-
ground (dot-dashed line) and (first resonance) string signal +
background (solid line). After minimization of misidentified
pi0’s from high-pT jets [14], the noise is increased by a factor
of
√
2 over the direct photon QCD contribution (dashed line).
FIGURE 2. signal-to-noise ratio for an integrated luminosity
of 100 fb−1. The solid line is for κ2 = 0.02, the dot-dahsed line
is for κ2 = 0.05, and the dashed line is for an optimistic case
with κ2 = 0.1.
where i, j,k are different partons, τ = M2/s, xa =
√
τeY ,
and xb =
√
τe−Y . The kinematics of the scattering pro-
vides the relation kT = M/(2 coshy), which when com-
bined with the standard cut kT > kT,min, imposes a lower
bound on y to be implemented in the limits of inte-
gration. The Y integration range in Eq. (8), Ymax =
min{ln(1/√τ), ymax}, comes from requiring xa, xb < 1
together with the rapidity cuts |y1|, |y2| ≤ 2.4. Finally,
the Mandelstam invariants occurring in the cross sec-
tion are given by sˆ = M2, tˆ = − 12 M2 e−y/coshy, and
uˆ =− 12 M2 e+y/coshy.
In Figure 1 we show a representative plot of this
cross section, for Ms = 1.5 TeV. Standard bump-hunting
methods, such as calculating cumulative cross sections,
σ(M0) =
∫
∞
M0
dσ
dM dM, and searching for regions with sig-
nificant deviations from the QCD background, may allow
to find an interval of M suspected of containing a bump.
With the establishment of such a region, one may calcu-
late a signal-to-noise ratio, with the signal rate estimated
in the invariant mass window [Ms − 2Γ, Ms + 2Γ]. The
signal-to-noise ratio is shown in Figure 2. It is clearly
seen that even for relatively small mixing, 100 fb−1 of
LHC data could probe deviations from SM physics as-
sociated with TeV-scale strings at a 5σ significance, for
Ms <∼ 4 TeV.
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